transport system to be discovered. Ideas in the field of solute exchange between closed intracellular compartments were first introduced in the mid-1950s from the pioneering work by Werkeiser and Bartley (69). They provided experimental evidence for the existence of two distinct compartments in mitochondria, differing in their accessibility to compounds of various molecular weights. These two compartments were later assigned to the mitochondrial matrix and the intermembrane space. During the course of the study of the ATP production by the oxidative phosphorylation process, it was demonstrated that adenine nucleotides were distributed in two pools located in the intermembrane space and in the mitochondrial matrix (63). Later, Pressman postulated that these two pools could exchange their nucleotides (55). In the early 1960s, it was found that atractyloside (ATR), a natural poison, competitively inhibited the phosphorylation of ADP added to mitochondria but not that of matrix ADP. This finding led to the obvious conclusion that, other than the coupling mechanism, an ATR-sensitive extra step was implicated in the phosphorylation of external ADP. The existence of a specific ADP/ATP transport system was fully established from the inhibition by ATR of the binding of external ADP to mitochondria (10) and from the Michaelis-Menten kinetics of transmembrane nucleotide exchange.
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ADP/ATP transport proceeds according to an exchange-diffusion mechanism with a one-to-one stoichiometry, thus maintaining the adenine nucleotide pool at a constant level in the matrix compartment. Only the free forms of these nucleotides are transported. Under the conditions of oxidative phosphorylation, external ADP 3᎑ enters mitochondria in exchange for ATP 4᎑ released into the intermembrane space. This exchange is not charge compensated, and, as a consequence, it is driven by the membrane potential. It has been evaluated that the energy consumption required for ADP/ATP exchange amounts to ~30% of the energy delivered by mitochondrial respiration (22) . Most of the energy usable by aerobic eukaryotic cells is provided by the hydrolysis of ATP into ADP and inorganic phosphate. Therefore, the continuous synthesis of ATP is required to sustain the cellular energetic economy: each human being recycles the equivalent of his/her own mass of ATP every day. ATP is regenerated in the mitochondrial matrix through the oxidative phosphorylation process (FIGURE 1). The continuous uptake of electron-rich substrates, phosphate, and ADP, as well as the release of ATP into the cytosol require their crossing over mitochondrial membranes. Nonspecific porins mediate this transport through the outer membrane (7) . In contrast, the inner membrane displays highly selective permeability, and hydrophilic metabolites can only cross this lipid bilayer thanks to specific carrier proteins. As a consequence, mitochondrial carrier proteins not only provide mitochondria with essential physiological metabolites but also play an important role in regulating the balance between intra-and extra-mitochondrial compartments (e.g., redox potential, phosphate potential). Solutes transported by theses carriers differ considerably in size and structure. They range from the smallest cation, the proton, to one of the largest anions, ATP. At physiological pH, most metabolites are anions, but some of them, including carnitine, ornithine, and glutamine, are zwitterions. To date, ~20 carriers have been identified on the basis of their activity, assessed either in intact mitochondria or in reconstituted proteoliposomes (51) . Some of them are involved in specialized metabolic pathways such as gluconeogenesis and urea synthesis. For a number of them, isoforms displaying tissue-specific distribution have been identified (51) . In addition, the distribution of carriers is tissue dependent, e.g., heart mitochondria, which lack the citrate carrier. On the basis of common biochemical characteristics, such as the presence in their sequence of the amino acid signature P-X-[D/E]-X-X-[K/R] found three times, ~100 residues apart, mitochondrial carriers have been classified as members of the mitochondrial carrier family (68) .
The ADP/ATP carrier was the first mitochondrial
Genes and Tissue-Specific Expression
The mitochondrial carriers are encoded by nuclear genes resulting from ancestral gene duplications, thus producing polypeptide chains exhibiting three related motifs of ~100 residues each. Corresponding proteins are imported into the mitochondrial inner membrane by the TIM/TOM machinery (for a review, see Ref. 56) . The number of isoforms identified so far encoding the ADP/ATP carriers depends on organisms and organs. In the yeast Saccharomyces cerevisiae, three highly similar genes have been isolated (1, 39, 42) , with ScANC2 being the only one required for cell growth on nonfermentable carbon sources such as glycerol or lactate. Four isoforms have been identified in human genome. The nomenclature of these genes is rather confusing and is given in Table 1 for clarification. Human isoforms of the carrier have different tissue distribution: hANC1 is specific to heart and skeletal muscles, hANC3 is recovered in proliferating cells, whereas hANC2 is ubiquitous (64) . The fourth isoform has been recently discovered in human, its transcript products being predominantly detected in liver, testis, and brain (18) . Only three isoforms encoding ADP/ATP carriers have been identified so far in rodents. In mouse, gene inactivation of two of them allowed the establishment of model mouse lines suffering from mitochondrial myopathy (30, 38) .
Unique Inhibitors
ATR did not only allow the identification of the ADP/ATP transport system but also has been of considerable interest for the detailed study of its kinetic properties and its specificity. ATR and carboxyatractyloside (CATR) are two natural heteroglucosides (FIGURE 2A) that are produced in some plants, such as Atractylis gummifera, a thistle growing in countries bordering the Mediterranean Sea (for a review, see Refs. 15, 65) . Toxicity of ATRs has long been recognized, since at least the first century A.D., but they remain a cause of fatal poisoning in humans. This follows accidental ingestion of the sweetish rhizome of the thistle, which is easily confused with a wild artichoke. ATR and CATR have also been isolated from other plants from different genera, including Callilepis laureola, Xanthium strumarium, Iphiona aucheri, and Wedelia glauca. ATR poisoning has also been reported to result from inappropriate dosage of traditional herbal medicine of North and South Africa. Due to the inhibition of the ADP/ATP exchange across the mitochondrial inner membrane, the toxic effects of ATR result in hepatic necrosis and renal failure. ATR and CATR are nonpermeant inhibitors that bind with high affinity (K d in the nanomolar range) to carrier sites accessible from the intermembrane space. We have synthesized a number of fluorescent, spinlabeled, and photoactivatable derivatives of ATR that were of great benefit in structure-function studies of the carrier protein (for review, see Ref. 67). For example, radiolabeled derivatives of ATR have been used to characterize the carrier in yeast and plant mitochondria and to map their binding sites. Later, fluorescent analogs of ATR were synthesized to set up a fluorometric assay for the characterization of the carrier in pathological carrier-deficient muscle (26, 59) .
The ADP/ATP carrier can also be very efficiently and specifically inhibited by bongkrekic acid (BA), a natural poison secreted by the bacteria Pseudomonas cocovenenans (35) . BA is a polyunsaturated long-chain fatty acid derivative (FIGURE 2B 
. Schematic representation of mitochondrial ATP synthesis and export
Substrates originating from the degradation of lipids and electron-rich metabolites are oxidized by the complexes I, II, III, and IV of the respiratory chain. This process results in the building of a transmembrane proton gradient that is used, in turn, by the ATP synthase to produce ATP from ADP and phosphate. Phosphate ions are imported into mitochondria thanks to a P i /OH -exchanger. Channelling of ADP, entering mitochondria, and ATP exported toward the cytosol is operated by the ADP/ATP carrier (orange box). BA, bongkrekic acid; CATR, carboxyatractyloside; IM, inner mitochondrial membrane; OM, outer mitochondrial membrane; VDAC, voltage-dependent anion channel.
4q35.1 Xp22.33 Xq24 4q28.1 the ATR molecule, except the C6' alcohol group, play a role in the inhibitory action of ATR. For example, removal of isovaleric acid or the sulfate groups leads to less effective compounds, and atractyligenin is 150 times less active than ATR. More striking, reduction to alcohol of the C4 carboxylic group produces atractylitriol, which is a nontoxic compound.
The molecular bases of the specific inhibitory properties of the CATR molecule, in line with its strong toxic actions, have been established only recently thanks to the elucidation by X-ray crystallography at high resolution of the structure of the bovine ADP/ATP carrier in complex with this inhibitor (53) . The structure shows six tilted transmembrane ␣-helices, labeled H1 to H6, three of them being kinked at the level of proline residues (FIGURE 3). One of the most striking features of the carrier structure is the consequence of the tripartite structure on the three-dimensional polypeptide chain arrangement. The carrier protein is indeed organized by the assembly of three motifs of ~100 residues each, whose main chain backbone structures can be superimposed with root mean square deviations of <2 Å, thus resulting in the overall pseudo threefold symmetry of the carrier. Deviations to this pseudo-symmetry are probably necessary to the transport mechanism. Each motif consists of two hydrophobic transmembrane helices connected by a loop exposed to the matrix compartment and containing a short amphipathic ␣-helix lying parallel to the membrane surface. On the external side of the membrane, the three motifs are connected by two short loops. Both NH 2 -and COOH-terminal extremities of the protein are oriented toward the intermembrane space. The bundle of transmembrane helices forms a wide cone-shaped cavity open toward the intermembrane space. This cavity is 30 Å in depth and 20 Å in maximal diameter. Toward the matrix compartment, it is closed by a barrier of ~10 Å in thickness. The CATR molecule is trapped at the bottom of the cavity, but it is noticeably not centered onto the pseudo threefold symmetry axis, as it rather interacts with residues belonging to transmembrane helices 2-5 (FIGURE 3B). The aglycone moiety is lying at the bottom of the cavity, whereas the disulfate glucose is pointing toward the intermembrane space. 
Therefore, in contrast to ATRs, BA has to cross the mitochondrial inner membrane to produce its inhibitory effect on ADP/ATP transport.
It was shown that binding of ATRs and BA to the ADP/ATP carrier are mutually exclusive. This behavior demonstrated the existence of two conformational states of the carrier, referred to as the CATR and BA conformations since they are able to bind CATR and BA, respectively. These two conformations exist in equilibrium in the mitochondrial membrane, but in the presence of CATR or BA this equilibrium is shifted and results in the formation of very stable distinct CATR-or BA-carrier complexes that can be differentiated on the basis of their chemical and immunochemical reactivity and on their sensitivity to proteases (for a review, see Ref. 9). In the absence of inhibitors, only ADP and ATP are able to trigger the rapid interconversion between the CATR and the BA conformations, suggesting that this transition is involved in the transport process. This peculiar feature of the carrier has been especially advantageous for the study of the transport mechanism at a molecular level.
Recently, structural information was obtained for the ADP/ATP carrier in complex with ATR or CATR, using two-dimensional electron microscopy (41) and three-dimensional crystallography (53), respectively.
Molecular Aspects of the ADP/ATP Carrier-ATRs Interactions
The aglycone moiety of ATR and CATR (atractyligenin) is a nonvolatile diterpene of the kaurene family, with a perhydrophenanthrenic structure (FIGURE 2A) . The glucidic moiety consists of a glucose linked to an isovaleric acid on C2' and to two residues of sulphuric acid in C3' and C4'. The hydroxyl group on C6' is free. The carbohydrate C1' is attached to the COOH-hydroxyl of atractyligenin via a glycosidic linkage. CATR differs from ATR in having an additional carboxyl group in position 4 of atractyligenin. Structure-activity relationships of ATRs have been investigated using chemically modified derivatives. It was determined that all parts of the notable exception of the primary alcohol group carried by the glucose moiety on C6', all of the CATR chemical groups are interacting with the protein. For example, the isovaleric chain on C2' is in van der Waals contact with side chains of T83, L127, V130, and I183, and the sulfate groups on C3' and C4' are interacting through hydrogen bonds with polar residues (N87, K91, and R187). In addition, the diterpene moiety stacks on the phenolic ring of Y186 and the hydroxyl group linked to C15 are connected through hydrogen bonds with D231 and R234. Moreover, the two carboxyl groups carried by the atractyligenin moiety of CATR are located in a polar environment composed of K22, R79, D134, R234, R235, and R279. One of them forms a salt bridge with R79, whereas the second interacts with R279 via a water molecule. In the case of ATR, which carries only one carboxyl group, the interactions with the peptide chain of the carrier are fewer, explaining why ATR exhibits a dissociation constant that is 10 times higher than that of CATR.
The high-resolution structure of the CATR-carrier complex also sheds light on a possible selectivity filter for substrates and on some putative molecular events implicated in the transport mechanism, such as salt bridge disruption and/or structural modification of transmembrane helices leading to the opening of the cavity (52, 58) .
Oligomeric State of the Carrier and Molecular Mechanism of Transport
The oligomeric state of the functional membraneembedded ADP/ATP carrier is still a matter of debate. However, as for many other members of the mitochondrial carrier family, such as the uncoupling protein (43), the phosphate carrier (60), or the citrate carrier (45), models implying dimeric assemblies are favored. For the ADP/ATP carrier, one of the most convincing arguments comes from the determination of the binding stoichiometry of either CATR or BA. Using radioactive ligands, a binding stoichiometry of one inhibitor per two carrier monomers was established, either for CATR (57) or for BA (2) . From these results, a model in which inhibitor and/or nucleotide binding sites are localized at the interface of the two monomers was proposed (47) . In such a case, the ligand pathway would be surrounded by 12 transmembrane helices. This hypothesis is now rejected in light of our high-resolution structural data, which show that CATR is trapped within the cavity made up of a single monomer. On the contrary, the structural data are consistent with a model of transport in which ADP/ATP exchange would rather be achieved by two adjacent carrier monomers, one binding a nucleotide coming from the matrix compartment and the other one from the intermembrane space. Such a mechanism implicates that both carriers are in tight vicinity and display transmembrane positive cooperativity for nucleotide binding. Numerous experimental data are consistent with a dimeric assembly of the carrier: ultracentrifugation analysis (31), small angle neutron scattering (8) , cross-linking experiments (33), native gel electrophoresis (24) , and covalent tandem dimer engineering (34, 66) . It has been demonstrated more recently from the functional characterization of chimeras of yeast carriers in which the functional ADP/ATP carrier is fused to a nonfunctional subunit, that a cross talk between the two subunits is necessary for the exchange process to occur (54) . point mutations remain difficult to be explained on a structural basis even though bovine and human protein sequences are highly conserved.
It is well established that cancer cells display a glycolytic phenotype resulting from the downregulation of all mitochondria-encoded genes and impairment of the mitochondrial function. Neoplastic transformation is also associated with the puzzling overexpression of hANC3, a gene related to the yeast ScANC3, which is also induced under anaerobic conditions (12). Both genes possess in their promoter a sequence associated with negative regulation of transcription by oxygen. The authors hypothesized that hAnc3p imports glycolytic ATP into mitochondria in exchange for ADP exported from the matrix compartment. Such a process would sustain a basal mitochondrial activity, associated with the maintenance of a membrane potential, under the predominant glycolytic status of tumor cell proliferation (12).
Involvement of the ADP/ATP carrier in the pathophysiology of dilated cardiomyopathy was first assessed from the detection of anti-carrier antibodies in the sera of patients suffering from this disease (61) . Further studies revealed a concomitant impairment of ADP/ATP carrier function in heart despite a higher total carrier protein content, which resulted from a shift in the isoform expression (19) . It was demonstrated that an increased amount of hAnc1p isoform correlated to a decrease of hAnc3p isoform, with hAnc2p remaining at a constant level. Alterations in ADP/ATP carrier function and expression were also observed in inflammatory heart disease with enteroviral infection but not from other types of heart disease (20, 21) .
The Permeability Transition Pore
The permeability transition of mitochondria is described as a generalized increase of permeability of the inner membrane to solutes with molecular masses up to 1,500 Da. It occurs as a result of Ca 2+ accumulation or simply as a consequence of in vitro aging. The proposal that the permeability transition is linked to reversible opening of a pore rather than to unspecific membrane damage is based on the inhibitory effect of cyclosporin A (CsA) used at nanomolar concentrations (13, 29). Electrophysiological approaches carried out with isolated mitochondria led to the following findings: 1) the pore is a high-conductance voltagedependent membrane channel and 2) there are a wide variety of factors and drugs able to trigger its opening, with the presence of calcium ions being essential for this event to occur (70) .
Whereas the permeability transition pore (PTP) has been recently proposed to play a key role in the mitochondrial relay of apoptotic signals, its molecular nature remains unsolved (25) structural data, we also postulate that this cross talk is possibly mediated by endogenous cardiolipins recovered in the protein crystals (50) . From a functional point of view, a strong positive cooperativity in the binding of substrates coming from each side of the membrane has been suggested from kinetics studies (23) . These results demonstrated that the ADP/ATP exchange can only occur when a ternary complex is formed, i.e., two nucleotides bound at the same time on a transport system. Then, nucleotide transport and release necessarily imply structural rearrangements, in which matrix loops are generally involved (46) . In recent work performed on the yeast carrier, the central part of the second matrix loop was shown to actively participate to the exchange process through a swinging movement (14).
Pathophysiological Aspects of the ADP/ATP Carrier
Because of its key physiological function in the cell energy metabolism, defects in the ADP/ATP transport system result in severe disorders. Evidence that dysfunctioning of this system is implicated in pathologies was first provided by the elaboration of a knockout mouse deficient in the heart/muscle isoform of the carrier. Adult animals exhibited mitochondria proliferation in muscle together with cardiac hypertrophy and clinical presentation of myopathy (30) . Deficiency of the ADP/ATP carrier has been reported in striated muscle of patients affected with myopathy (4) and in patients suffering from Sengers syndrome (36) . In the latter case, the hANC1 gene encoding the muscle isoform of the ADP/ATP carrier was not altered, indicating that the pathology could result either from impairment of the carrier transcription or from impeded import into the mitochondrial membrane.
Five-point mutations of hAnc1p, A89D, L98P, D104G, A114P, and V289M have been detected so far in patients affected with autosomal-dominant progressive external ophthalmoplegia (adPEO), an adult-onset pathology characterized by the weakness of external eye muscles (17, 37, 40, 49, 62) . The functional consequences of these mutations were evaluated in yeast cells because cultured human cell lines proved to be unsuitable for hANC1 overexpression (6) . In a first approach, it was shown that the heterologous expression of hANC1 was strongly impaired by either the A114P or the V289M mutation, thus rendering the mutated human genes unable to rescue the growth on nonfermentable carbon source of a yeast strain devoid of endogenous ANC genes (16) . Following another strategy, Fontanasi et al. (27) brane ADP/ATP carrier, the matrix cyclophilin D, and the outer membrane voltage-dependent anion channel (VDAC or porin) (28) . The initial idea that the ADP/ATP carrier could participate in forming the PTP emerged from the finding that its specific ligands, CATR and BA, are effectors of the mitochondrial permeability transition. However, this also provided evidence that there is no connection between the ADP carrier activity and the PTP status since CATR and BA, which are both potent inhibitors of the transport, trigger the opening and closing of the pore, respectively. Therefore, the effects exerted by the ADP/ATP carrier on PTP function likely lie on conformational grounds. The ADP/ATP carrier has been proposed to maintain close contact and possibly functional relationships with VDAC and proteins involved in apoptotic events such as Bax and Bcl-2 (28) . Cyclophilin D has also been proposed to interact directly with the ADP/ATP carrier, and the fact that it was identified as the mitochondrial target of CsA indicated a possible mechanism for the CsA-mediated inhibition of PTP function (32) .
A number of studies have been carried out with the aim of demonstrating unequivocally the involvement of the ADP/ATP carrier in PTP formation, but they have led to controversial conclusions. Results obtained by Brustovetsky et al. (11), based on patchclamp experiments, clearly established the ability of the Neurospora crassa carrier to induce a Ca 2+ -dependent channel in the membrane of proteoliposomes, excluding the contribution of PTP formation of other proteins originating from mitochondria. Although convincing, these results could not be reconciled with a previous report of a high conductance mitochondrial channel evidenced in yeast mitochondria in which yANC genes have been deleted (44) . More recently, genetic strategies have been employed in mice to define the role of putative components of the mitochondrial PTP. Studies have essentially focused either on cyclophilin D or on the ADP/ATP carrier that were genetically eliminated in transgenic animals. Conclusions from three independent studies indicated that permeability transition can still be observed in mitochondria lacking cyclophilin D (3, 5, 48) . In addition, Kokoszka et al. (38) have shown that mitochondria isolated from ADP/ATP carrier-deficient mice livers could undergo a CsA-sensitive Ca 2+ -induced permeability transition, thus demonstrating that the carrier is not required for this process to occur. However, the capacity of mitochondria devoid of ADP/ATP carrier to accumulate Ca 2+ ions before PTP opening was significantly increased, suggesting at the most its regulatory role in PTP function rather than a structural implication in the pore assembly.
Conclusion
The ADP/ATP carrier plays a key role in cell economy. Because of its unique properties, it has provided, in biochemical and genetic studies, advanced insights into the molecular basis of metabolite transport across biomembranes. A major progress in the knowledge of this carrier results from the recent determination at high resolution of the structure of the CATR-carrier complex. Solving the structure of the carrier in other conformational states would provide essential information to elucidate the molecular mechanism of adenine nucleotide exchange across the inner mitochondrial membrane and highlight the consequences of mutations involved in related genetic diseases.
